Large numbers of the small brown planthopper Laodelphax striatellus (Fallé n) (Hemiptera: Delphacidae) occur in temperate regions, causing severe losses in rice, wheat, and other economically important crops. The planthoppers enter diapause in the third-or fourth-instar nymph stage, induced by short photoperiods and low temperatures. To investigate the geographic variation in L. striatellus diapause, we compared the incidence of nymphal diapause under various constant temperature (20 and 27 C) and a photoperiod of 4:20 When the original latitude of the populations increased, higher diapause incidence and longer critical photoperiod (CP) were exhibited. The CPs of the Jiangyan and Changchun populations were 12 hr 30 min and 13 hr at 20 C, and 11 hr and 11 hr 20 min at 27 C, respectively. The second-and third-instar nymphs were at the stage most sensitive to the photoperiod. However, when the fourth-and fifth-instar nymphs were transferred to a long photoperiod, the diapause-inducing effect of the short photoperiod on young instars was almost reversed. The considerable geographic variations in the nymphal diapause of L. striatellus reflect their adaptation in response to a variable environment and provide insights to develop effective pest management strategies.
Diapause is an important physiological response and an adaptation for insects to survive under adverse environmental or climatic conditions (Tauber et al. 1986; Danks 1987) . The diapause characteristics related to fitness often result from adaptive evolution. Geographic variations in diapause are especially interesting for us to study to determine the climatic adaptation of organisms because climate varies with geography (Danilevsky et al. 1970) . Diapause variations among populations have been frequently reported in insects, including hemipterans such as the red firebug, Pyrrhocoris apterus (Socha 2001) , Dicyphus hesperus (Gillespie and Quiring 2005) , the bigeyed bug, Geocoris punctipes (Ruberson et al. 2001) , Orius sauteri (Ito and Nakata 2000; Shimizu and Kawasaki 2001; Musolin and Ito 2008) , and Nesidiocoris tenuis (Pazyuk et al. 2014) , and these results support the hypothesis of local adaptation or adaptation to environmental stress. Knowledge of geographic variations in the diapause of insects clarifies not only the life history traits of insects, but also their adaptive mechanisms to environments, which is important to develop new strategies for pest management (Denlinger 2008) .
The small brown planthopper Laodelphax striatellus (Fallén) (Hemiptera: Delphacidae) occurs mainly in the temperate zone and is one of the most destructive agricultural pests (Kisimoto 1958 (Kisimoto , 1989 . Adults and nymphs suck the sap from a large number of economically important crops, which results in reduced yields and poor grain quality (Liu et al. 2006) , and the species causes further damage by transmitting plant viruses (Nault 1994; Nemoto et al. 1994; Wang et al. 2014) . L. striatellus overwinters as second to fifth-instar nymphs in weeds and wheat fields in temperate and cold temperate zones (Kisimoto 1958 (Kisimoto , 1989 Cai et al. 1964; Noda 1992; Wang et al. 2014 ). Adults can migrate over a long distance in early summer (Sanada-Morimura et al. 2001; Syobu et al. 2011; Wang et al. 2011; Zhang et al. 2011; He et al. 2012) .
The diapause of L. striatellus has been investigated in previous studies. During the development of third-or fourth-instar nymphs, the planthoppers might enter diapause that is induced by short photoperiods at low temperatures. The photoperiodic response curves indicated a typical long-day response type (Kisimoto 1958 (Kisimoto , 1989 Noda 1992; Wang et al. 2014) . As temperature decreases, L. striatellus shows a higher diapause incidence with a longer critical photoperiod (CP: the photoperiod in which 50% of individuals enter diapause). However, short photoperiods hardly induce diapause at all at high temperatures (Noda 1992; Wang et al. 2014) . In Nanchang, e.g., the induction of photoperiodic diapauses is nearly completely inhibited at temperatures under 28 C (Wang et al. 2014 ). Meanwhile, a long photoperiod or high temperature acted as a diapause-terminating stimulus for L. striatellus nymphs (Noda 1992; Wang et al. 2014) , and 26-28 C has been found to be the optimal temperature for diapause termination (Wang et al. 2014) . L. striatellus is widely distributed in temperate, tropical, and subtropical zones, although it is rampant mainly in the temperate zone (Kisimoto 1989) . Therefore, it is critical to uncover the characteristics of diapause in different geographic populations. Geographic variation in the diapause of L. striatellus has, so far, only been reported by Noda (1992) , who identified significant differences in the diapause patterns of nine local populations in Japan. However, in other important rice-planting regions including China and Southeast Asian areas, geographic variations have not been fully understood.
In this study, we compared the diapause characteristics of three L. striatellus populations collected from three regions of Vietnam and China by measuring diapause incidence under various constant temperature and photoperiod regimes, aiming to reveal the geographical variations in diapause in this insect. 
Materials and Methods

Insect
Effect of Photoperiod and Temperature on Nymphal Development
One-day-old male and female adults were paired in a 500-ml transparent cup with rice seedlings for feeding and oviposition. The cups were transferred to six photoperiodic conditions of 4:20, 8:16, 10:14, 12:12, 14:10, and 16:8 (L:D) h at both 20 and 27 C, respectively. Each nymph hatching within 12 hr was reared in a glass test tube (1.5 cm in diameter and 20 cm in length) with a fresh rice seedling until eclosion. The seedling and the glass tube were renewed every 2 d to avoid wilting of the rice. Molting was checked daily to confirm the nymphal instar; 53-108 individuals were included in each of three replicates for all treatments.
All of the experiments were conducted in illuminated incubators with four 30-W fluorescent tubes controlled by an automatic time switch (Bic-300, Shanghai Boxun Industry & Commerce Co., Ltd, Medical Equipment Factory, Shanghai, China). The light intensity was held between 500 and 600 lx, and the temperature variation was 60.5 C.
Criterion for Diapause
The diapause of a nymph was defined as its failure to grow into an adult at a specific age, which was considered as the maximum time taken for the development from egg to adult under a diapause-suppressing photoperiodic regime (Vinogradova 1974; . This age varies with temperature and population. As the nymphal diapause of L. striatellus is induced by short photoperiods, long photoperiods would serve as a diapause-suppressing photoperiodic regime for this planthopper. In this study, we set up two long photoperiods of 16:8 and 14:10 (L:D) h, and preliminary experiments provided evidence that the nymphs developed more quickly under a long photoperiod of 16:8 (L:D) h than under 14:10 (L:D) h. Therefore, to more precisely identify the diapause of individuals from each of the three populations, we compared the average development time under the two long photoperiods at 20 and 27 C, respectively. If the differences were significant, the age was determined as the maximum development time (MDT) of nymphs under 16:8 (L:D) h; otherwise, the age was the MDT of nymphs under the two long photoperiods.
Determination of the Sensitive Stage to Diapause Induction
To determine the sensitive stage to diapause induction, experiments were performed for the JY and CCs following the method described by Eizaguirre et al. (1994) and Spieth (1995) . The HN was excluded here because its diapause response to photoperiods was very weak. Nymphs from the Changchun and JYs were transferred from long photoperiod of (16:8) h to short photoperiod of (10: 
Statistical Analysis
The development times of nymphs under the two long photoperiods of 16:8 and 14:10 (L:D) h were compared using a Student's t-test.
The diapause incidences were statistically examined using Tukey's honestly significant difference (HSD) test with arcsin square-root transformation. Logistic regression analysis (Sokal and Rohlf 1995) was conducted to decide whether the photoperiod, temperature, and population significantly affected the incidence of diapause. In this study, the dependent variables were assumed as 0 and 1 in the cases of non-diapause and diapause, respectively. All statistical analyses were conducted using the SAS statistical program (SAS Institute Inc. 2002). Table 2 ). For the CC, however, a significant difference was observed between the development times under 14:10 and 16:8 (L:D) h at 20 C (CC, 20 C, P < 0.0001). Therefore, the criterion for diapause in nymphs of the Hanoi and JYs was the MDT under the two long photoperiods. For the CC, at 27 C, the criterion was also the MDT at each photoperiod and, at 20 C, it was the MDT under a photoperiod of 6:8 (L:D) h. As shown in the results, at 20 C, the nymphs not growing into adults after 47, 49, and 72 d from birth were considered diapause for the Hanoi, Jiangyan, and CCs, respectively; at 27 C, the diapause criteria were 21, 28, and 32 d, respectively.
Results
Criterion for Diapause
Geographic Variation in Diapause Induction
The typical long photoperiodic response was found in all three populations at 20 and 27 C, except for the HN at 27 C ( Fig. 1 ).
Significant differences in diapause incidence were observed among the three populations under the same diapause-inducing photoperiod [Tukey's HSD test: 20 C, 4:20 (L:D) h, df ¼ 2, 6, F ¼ 165.99, Fig. 1 ]. The most northern population (Changchun) exhibited the highest diapause incidence; it is worth noting that the diapause incidence reached nearly 100% at 20 C when the day length was 12 hr. Even under the long photoperiod of 14:10 (L:D) h, a small number of nymphs entered diapause. The diapause incidence of the JY was lower than that of the CC under the same conditions, which was only 33.14% at 20 C under the photoperiod of 4:20 (L:D) h. The HN had a very weak response to photoperiods, with fewer than 50% of the individuals entering diapause under all photoperiods, and they even displayed no photoperiodic response at 27 C. Also, as the temperature increased to 27 C, the diapause incidences decreased in each population.
Logistic regression analysis indicated that the photoperiod, temperature, population origin, and the interactions of these factors significantly affect the incidence of diapause (Table 3) . The CP became longer as the latitude increased and the temperature decreased (Fig. 1) . The results showed that the CPs were 13 hr at 20 C and 11 hr 20 min at 27 C in the northern-most population (Changchun). For the more southern population (Jiangyan), the CPs were 12 hr 30 min at 20 C and 11 hr at 27 C. The CP of the HN cannot be estimated in this.
Determination of the Sensitive Stage to Diapause Induction
The results showed that the diapause incidences were significantly different among the nymphs that experienced a short photoperiod at different ages (Tukey's HSD test: JY, df ¼ 13, 28, F ¼ 109.32, P < 0.0001; CC, df ¼ 13, 28, F ¼ 203.49, P < 0.0001; Fig. 2) . The experiments in which the nymphs reared under the long photoperiod were then transferred to the short photoperiod mimicked the natural light conditions in late autumn. In these experiments, only a few nymphs entered diapause when they were transferred to the diapause-inducing photoperiod of 10:14 (L:D) h after completing their second instar under a diapause-suppressing photoperiod of 16:8 (L:D) h (JY and CC: diapause incidence <20%; Fig. 2; treatments B, C, and D). However, >70% of the nymphs entered diapause when they were transferred to the diapause-inducing photoperiod of 10:14 (L:D) h in the second instar (JY: 73.34%; CC: 88.00%; Fig. 2 ; treatment E). Therefore, the second instar was considered to be the most sensitive to the photoperiod. Furthermore, there were high diapause incidences when the nymphs were constantly exposed to the short photoperiod of 10:14 (L:D) h (JY: 89.63%; CC: 94.70%; Fig. 2 , treatment F). The diapause incidences remained high when the nymphs reared under the long photoperiod only in the fourth instars (JY: 61.62%; CC: 69.28%; Fig. 2 , treatment L). However, when the diapause-inducing photoperiod of 10:14 (L:D) h was interrupted by a long photoperiod of 16:8 (L:D) h only in the third instar, the diapause incidences decreased sharply (JY: 24.77%; CC: 32.33%; Fig. 2 , treatment K). Thus, the third instar was also a photoperiodically sensitive stage in the JY and CCs. When the nymphs reared under the short photoperiod were transferred to the long photoperiod, the incidence of diapause exceeded 50% only when the nymphs experienced the short photoperiod from the first to the fourth instar (JY: 83.37%; CC: 94.30%; Fig. 2 , treatment G). There were low diapause incidences when nymphs were transferred from the short to the long photoperiod in the fourth-instar stage (JY: 37.57%; CC: 46.57%; Fig. 2 ; treatment H), and low incidences of diapause also occurred when only the third-or fourth-instar nymphs were under the short photoperiod (the third instar: JY, 0%; CC, 0%; the fourth instar: JY, 10.75%; CC, 13.32 %; Fig. 2 , treatments M and N). The results suggest that the diapause incidence of nymphs also depended on the duration of the short photoperiod that the nymph experienced, although the sensitive stages of the Jiangyan and CCs are the second and third instars.
Discussion
The photoperiod is a reliable indicator that can be used to predict unfavorable conditions for insects. Temperature is a less dependable factor but it can modify the photoperiodic response in several insects (Saunders 1982; Hodkova and Socha 1995; Christiansen-Weniger and Hardie 1999) . In this study, the results clearly showed that both the photoperiod and the temperature can significantly affect diapause in L. striatellus, although the diapause incidence and intensity varied among populations (Fig. 1, Table 3 ). Our results were consistent with those of Kisimoto (1958) , Noda (1992) , and Wang et al. (2014) , but these studies showed that the diapause incidence was 100% under the photoperiod of 10:14 (L:D) h. We found that only the CC had a high diapause incidence (nearly 100%) at 20 C, and the Jaingyan and HNs had lower incidences. Therefore, the diapause traits are different among geographic populations of L. striatellus. Variation in photoperiod-inducing diapause along with latitude is well known in many insect species. Generally, there are higher diapause incidences and longer CPs in northern populations than in southern ones (Danilevskii 1965; Danilevsky et al. 1970; Tauber and Tauber 1972; Beck 1980; Wang et al. 2012) , and this phenomenon was also found in L. striatellus in this study. The most northern population (Changchun) showed the highest diapause incidence and a longer CP, where even some nymphs entered diapause under the long photoperiod of 14:10 (L:D) h. However, the most southern population (Hanoi) showed the lowest diapause incidence and displayed no photoperiodic response at 27 C. Noda (1992) reported that a similar phenomenon also emerged in the diapause pattern of nine local populations in Japan. Northern populations overwinter for a longer period than southern ones, so greater diapause intensity is required by populations in northern areas. Additionally, relative to southern areas, winter arrives earlier in northern areas and is accompanied by longer day lengths, so northern L. striatellus populations have a longer CP (Danilevsky et al. 1970; Tauber et al. 1986; Umsalama et al. 2007; Bradshaw and Holzapfel 2010; Wang et al. 2012) . The annual minimum temperature experienced by the most southern population (Hanoi) in this study is 13 C (data set for 1979 China Meteorological Data Sharing Service System, 2015: http://cdc.cma.gov.cn/), which is close to the threshold temperature for the development of L. striatellus (15 C) (Zhang et al. 2008) . As a result, diapause is not a necessary trait in the HN for overwinter. Thus, based on the earlier studies, we infer that such variability in diapause among L. striatellus populations can be attributed to an adaptation to each of the local environmental conditions. Wang et al. (2014) found that the CP of the L. striatellus population in Nanchang, China (28.8 N, 115.90 E) was 12 hr at 20 C and, here, the CPs of the Jiangyan (32.51 N, 120.15 E) and Changchun (43.89 N, 125 .32 E) populations were 12 hr 30 min and 13 hr at 20 C, respectively. An obvious gradual clinal type with latitudinal variation in the CP of L. striatellus was found. A similar diapause pattern with latitudinal variation was also found in Japan by Noda (1992) . Specifically, the CPs of nine populations in Japan were positively correlated with the original latitude and gradually decreased toward the south at a rate of about 1.1 hr for each 5 degrees of latitude, which was in accordance with the relationship found in many long-day species (Danilevsky et al. 1970; Beck 1980; Tauber et al. 1986; Danks 1987 ; Ito and Nakata 2000; Suwa and Gotoh 2006; Timer et al. 2010; Wang et al. 2012) . However, in China, the CPs for diapause induction in the Nanchang, Jiangyan, and CCs of L. striatellus only varied by about 1 hr under a range of 14 degrees of latitude. The possible factor underlying the difference in CPs with latitudinal variation between China and Japan was analyzed as follows. Several reports have proved that extensive gene flow can reduce the genetic variation in diapause characteristics of different populations (Danilevsky et al. 1970; Mcwatters and Saunders 1996; Suwa and Gotoh 2006) , and even lead to a lack of clinal variation in CP (Kimura et al. 1993) . In Japan, significant differentiation among the genetic structure of populations of L. striatellus was revealed based on three allozyme loci, which suggests that long-range dispersal of L. striatellus does not regularly occur over the main lands (Hoshizaki 1997) . Moreover, although the overseas migration of L. striatellus from the East China Sea and south-eastern Asia to western Japan occurs (Otuka et al. 2010; Sanada-Morimura 2001; Syobu et al. 2011) , the offspring of the immigrants have low adaptability to the local climate conditions at the landing site (Hoshizaki 1997) . From the earlier studies, we infer that gene flow among the L. striatellus populations in Japan is low. In China, however, L. striatellus can undertake long-distance migration and intercross between domestic populations, suggesting extensive gene flow (Wang et al. 2011; Zhang et al. 2011; He et al. 2012; Sun et al. 2015) . As a result, L. striatellus populations lack significant genetic differences in China (Sun et al. 2015) . Therefore, we infer that the different degrees of variation in diapause with latitude between Japan and China are due to the different levels of gene flow among the domestic populations in the two countries. Our results indicated that the sensitive stage to photoperiods in the Jiangyan and CCs was the third instar, which was consistent with that of the Nanchang population as reported by Wang et al. (2014) . Additionally, the results in the experiment of transferring nymphs from the long day length of 16:8 (L:D) h to the short day length of 10:14 (L:D) h proved that the second instar was also a photoperiodically sensitive stage in the two populations. Like many other insect species, the sensitive stage of L. striatellus tends to be the age immediately preceding the diapause stage (Danks 1987) , offering obvious advantages of preparation for the upcoming winter and conferring better adaptation to overwintering in the field. However, although the second and third instars were the sensitive stages to the photoperiod in L. striatellus, the diapause incidences depended on the duration of the short photoperiod that the nymph experienced. We conferred that these phenomena would result from two factors. The first is that L. striatellus, like many other insects (Danks 1987) , could terminate diapause under long day lengths (Noda 1992; Wang et al. 2014 ). The second is that the fourth-and fifth-instar periods were also under the control of photoperiodism in addition to the young instars (Kisimoto 1958) . Thus, when the nymphs were transferred to a long photoperiod during the later nymphal stages, the diapause-inducing effect of a short photoperiod on young instars was almost reversed.
Entering diapause actually confers costs as well as benefits. During the period of diapause, the individuals might miss chances to reproduce and will consume energy reserves, or be killed by predators or parasitic animals. Under these circumstances, a riskspreading strategy, which is expressed as the existence of both diapausing and non-diapausing individuals under short photoperiod here, may be selected (Kurota and Shimada 2001; C aceres and Tessier 2004a,b; Umsalama et al. 2007 ). In our experiments, the response of diapause induction to photoperiods is not an 'all-or-nothing' reaction; no treatment under short day lengths resulted in a 100% diapause incidence. We infer that, in the field, when the CP occurs with a shortened day length, some nymphs will grow slowly and enter diapause. However, other nymphs will grow continuously to adulthood, and these adults will migrate, disperse, and reproduce. This is a risk-spreading strategy formed during long-term evolution to ensure the survival of L. striatellus populations.
In conclusion, although L. striatellus migrates over long distances, populations maintain their particular diapause characteristics to adapt to the local environment. This conservatism appears conducive to advantageous selections in planthoppers, through which they have adapted to survive the cold winters. Our results provide important insights into one possible mechanism underlying adaptation of pests to the complicated and volatile climate conditions. Understanding the geographic variation in diapause characteristics of L. striatellus may be useful for improving strategies to pest management, according to which the outbreak of L. striatellus can be predicted more precisely.
